A new femtosecond pump -probe spectroscopy technique is demonstrated that permits the high-speed, parallel acquisition of pump -probe measurements at multiple wavelengths. This is made possible by use of a novel, two-dimensional smart pixel detector array that performs amplitude demodulation in real time on each pixel. This detector array can not only achieve sensitivities comparable with lock-in amplification but also simultaneously performs demodulation of probe transmission signals at multiple wavelengths, thus permitting rapid time-and wavelength-resolved femtosecond pump -probe spectroscopy. Measurements on a thin sample of bulk GaAs are performed across 58 simultaneous wavelengths. Differential probe transmission changes as small as ϳ2 3 10 24 can be measured over a 5-ps delay scan in only ϳ3 min. This technology can be applied to a wide range of pump -probe measurements in condensed matter, chemistry, and biology. © 2003 Optical Society of America OCIS codes: 320.0320, 040.1240.
Femtosecond
pump-probe spectroscopy is a well-known technique for investigating ultrafast phenomena in condensed matter, chemical, and biological systems. The standard pump-probe technique uses an ultrashort-pulse, narrowband pump to excite the sample and a continuum probe and spectrometer to acquire the wavelength-dependent dynamics. This technique usually requires that a femtosecond amplifier be used to achieve the intensities necessary for continuum generation and suff icient pump-probe signal magnitudes. With the development of few-cycle, ultrabroad bandwidth lasers that can generate spectra that span nearly one octave, spectrally resolved pump-probe measurements can be performed without the need for amplif iers. 1 -3 Although the pulse repetition rate from a laser oscillator is extremely high, the pulse energies are low, and therefore the signal levels are small. Standard CCD detectors cannot detect modulated signals, thus it is not possible to take advantage of the high signal-to-noise ratio measurements that are theoretically possible with high-repetition-rate laser sources. 4 Here we present a new technique that permits the parallel acquisition of pump-probe measurements at multiple wavelengths by use of a novel, twodimensional, smart pixel detector array, which was originally developed for high-speed optical coherence tomography. 5, 6 Each pixel performs amplitude demodulation, and, in combination with a spectrometer, probe transmission signals can be acquired in parallel for multiple wavelengths. The smart pixel array can achieve sensitivities comparable with lock-in amplification while simultaneously demodulating probe transmission signals at multiple wavelengths, thus making possible time-and wavelength-resolved femtosecond pump-probe spectroscopy.
The schematic of the experimental setup is shown in Fig. 1 . A 100-MHz repetition rate, 5-fs, 250-nmbandwidth Ti:sapphire mode-locked laser 1 is used with a femtosecond pump-probe system. A beam splitter separates the output of the laser into a 90-mW pump beam and a 0.4-mW probe beam. A pair of prisms is used in both the pump beam and the probe beam to permit independent adjustment of the pulse duration and chirp. A conventional delay line is used to scan the pump beam. A single-order half-wave plate is used to cross-polarize the pump and probe beams. The pump and probe beams are focused onto the sample by a parabolic mirror with a 50-mm focal length, which is used to avoid dispersion and to preserve pulse duration. The spot diameter on the sample is 60 mm. An aperture stop inserted into the probe beam after the sample prevents pump scattering into the detector. A polarizer is set to transmit the probe beam, removing the residual pump scattering. The probe beam is then collimated by a 50-mm focal-length lens (L1) and is spectrally spread by a 1200-groove͞mm diffraction grating. A 35-mm focal-length lens (L2) focuses the spread beam onto one row of the two-dimensional smart pixel detector array. The chopper modulates the pump beam at a frequency of 3.8 kHz. Each pixel in the row demodulates the transmitted probe signal at a specific wavelength. The row is read multiple times for each pump time delay, and averaging is performed to increase the signal-to-noise ratio. The probe beam is subsequently chopped and the same row is read to acquire the linear transmission of the sample for data normalization.
A photograph of the smart pixel detector array is shown in Fig. 2 . The silicon detector chip is constructed with a 2-mm complementary metaloxide semiconductor process with a bipolar transistor option. The die size is 7.2 mm 3 7.2 mm, which accommodates a 58 3 58 pixel array. Each pixel is 110 mm 3 110 mm and contains a 35 mm 3 35 mm photodiode and electronic circuitry for performing amplification, bandpass f iltering centered at the modulation frequency, rectif ication, and low-pass filtering. The filter cutoff frequencies are adjusted by off-chip reference voltages. The demodulated signals are selected sequentially by a row and a column address decoder. The analog output signal is read out of the chip, digitized by a 12-bit data acquisition card, and transferred to a computer. Software was developed to synchronize the delay line with the acquisition of the detector pixel pattern and to control the averaging and data display.
The total acquisition time t acq for a spectrally resolved pump-probe measurement data set is
where N p is the number of pixels, N a is the number of times each pixel is read for each time-delay point, N t is the number of time-delay points, P r is the pixel readout rate, L is the scan range, and V DL is the scan speed of the delay line. As a result of synchronization timing and triggering, the measured acquisition time is ϳ10% greater than the theoretical value. For a given delay-line scan speed V DL the acquisition time is the same in a single-detector setup as it is in the current one, if the pixel readout rate is increased proportionally to the pixel number. Thus the smart pixel array permits improvement by a factor N p of the acquisition time versus a single-detector setup. The sensitivity to differential probe transmission changes can also be improved by increasing N a . However, this is done at the cost of a higher acquisition time, if the maximum pixel readout rate is reached. Although only one row of the detector array is used in this experiment, many applications are possible that use two-dimensional data acquisition. For example, the second dimension of the pixel array can be used for spatially resolved measurements. Focusing the pump and probe beams on several spatial locations on the sample would permit one-dimensional spatial imaging on each column, combined with spectral measurement detected on each row. In this case the acquisition time gain, when compared with a single-detector system, would be N pc N pr , where N pc and N pr are the pixel number per column and row, respectively.
To show the functionality of this novel system, we demonstrated spectrally resolved measurement of carrier dynamics in a thin sample of bulk GaAs. We chose this sample to test our measurement system, since it is a typical example of a spectrally resolved femtosecond pump-probe measurement in condensed matter. 7 -9 A three-dimensional data set acquired by the smart pixel detector array is shown in Fig. 3 . The normalized differential probe transmission is plotted versus the time delay and the probe wavelength. In this experiment the pump beam spectrum was set to a bandwidth of 700 to 770 nm to excite conduction-band states above the bandgap of ϳ870 nm. The detected probe wavelength ranged from 700 to 900 nm. The wavelength resolution was ϳ1 nm, as determined by the grating dispersion and pixel size, while the separation between wavelength measurements was ϳ3.45 nm, as determined by the pixel separation. Fig. 2 . Photograph of the two-dimensional image sensor and detailed view of individual pixels and address decoders (located in the lower left corner). PD, photodiode; EC, electrical circuitry; RD, row decoder; CD, column decoder. Fig. 3 . Spectrally resolved femtosecond pump -probe measurements of a thin sample of bulk GaAs. The data were acquired simultaneously by the smart pixel detector array. Fig. 4 . Femtosecond pump -probe measurements of bulk GaAs at selected probe wavelengths as a function of time delay and extracted from a three-dimensional data set acquired from the smart pixel detector array. The traces are separated for clarity.
The time resolution of the pump-probe system was 60 fs and was measured by second-harmonicgeneration cross correlation with a 300-mm-thick KDP crystal. The pump-probe signals were recorded over a 5-ps time delay by acquisition of 375 time-delay steps. For each delay the pixels were read 5000 times and averaged, yielding a sensitivity to normalized differential probe transmission signal changes as small as 2 3 10 24 . The pixels were read at 625 kHz, corresponding to 188 s of total measurement time. This time is a factor of 58 times faster than that possible with a conventional single-detector pump-probe spectroscopy system. Figure 4 presents pump-probe measurements at wavelengths selected from the three-dimensional data set. The dynamics are a strong function of wavelength. Measurements performed far above the band edge of 870 nm show a rapid relaxation of absorption saturation caused by carrier -carrier and carrier-phonon scattering, which remove carriers from their initial optically excited states. Measurements closer to the band edge show increased absorption saturation as a function of time from carrier relaxation and state f illing. This is in agreement with previous pump and continuum probe measurements with femtosecond amplif iers. 7 -9 In summary, we have presented, for the f irst time to our knowledge, a new method for high-speed pump-probe spectroscopy with a broadband femtosecond laser and a smart pixel detector array, where each pixel performs amplitude demodulation. Smart pixel detector arrays achieve high detection sensitivities comparable with standard lock-in detection techniques, but they also allow simultaneous measurement of pump-probe data at multiple wavelengths. These results demonstrate the feasibility of performing parallel spectrally resolved pump-probe measurements across 58 simultaneous wavelengths with a detection sensitivity to normalized differential probe transmissions as small as ϳ2 3 10 24 and a measurement time of only ϳ3 min for a 5-ps scan. The current limitations of the technique are set by the low pixel readout rate and low sensitivity due to the first-order f ilters implemented in the detector array. Moreover, this detector array was designed to have optimum performance at modulation frequencies in the 100-kHz range, which were not possible in this study because of the mechanical limitations of the chopper. A redesign of the detector array for operation at lower modulation frequencies, with second-order bandpass filters and a higher readout rate to increase the number of averages per time-delay point, would improve the signal-to-noise ratio of the system. Sensitivities to differential probe signal changes in the 10
25 to 10 26 range should ultimately be achievable. A higher pixel number would also increase the number of pump-probe measurements acquired simultaneously. Smart pixel arrays promise to be a powerful tool for performing rapid, high-sensitivity, wavelengthdependent pump-probe spectroscopy for studies in condensed matter, chemistry, and biology.
